Large metal nanostructures with subnanometer interparticle separations (gaps) can provide extremely high local fields and are of particular interest in surface enhanced spectroscopy, as well as for basic understanding of plasmonics. In this experimental electron energy loss study, we monitor the transition of plasmonic dimers from a classical to a quantum system by decreasing gaps to dimensions when tunneling occurs and a conductive nanobridge evolves. Our studies show that silver dimers with atomic scale gaps can exhibit a regime, in which charge transfer plasmon modes, as a hallmark of a quantum nature, and "classical" bright and dark dipolar plasmon modes can be seen simultaneously. Aggregates of metal nanoparticles with dimensions in the order of tens of nanometers and with subnanometer interparticle gaps can generate highly confined and enhanced local fields, opening up exciting capabilities for photondriven processes.
1,2 They provide the highest enhancement level obtained in plasmon supported spectroscopy so far and enable, for example, the detection of Raman signals of single molecules. 3, 4 Moreover, metal nanostructures with subnanometer gaps are of basic interest as plasmonic systems, which can exhibit a quantum nature for subnanometer gaps due to electronic density spill out and tunneling. 5 The onset of the quantum regime is marked with the appearance of the charge transfer plasmon (CTP) modes for closely spaced or touching nanoparticles. However, studying these structures experimentally has been a challenge due to the difficulties involved in creating and manipulating subnanometer interparticle distances. Current state-of-the-art fabrication processes are capable of producing plasmonic structures in sub-nanometer regime. 6 Methodological developments for probing plasmonic systems at high energy and spatial resolution with photons and electrons, 7 in particular non-linear effects, 8 can enable us to "see" quantum and non-local effects. Recently, two experimental observations of quantum tunneling between plasmonic nanostructures have been reported, one involving simultaneous optical and electrical measurements across two gold coated atomic force microscopy tips 9 and the other involving electron energy loss spectroscopy (EELS) measurements of two approaching silver nanospheres in a transmission electron microscope (TEM). 10 The choice of EELS for characterization of plasmonic nanostructures has become increasingly popular, due to the subnanometer spatial resolution of this technique. 11, 12 Depending on the geometry of the plasmonic structure and the position of the electron beam, EELS can probe bright and/or dark dipole modes and higher order modes. 13 Therefore, the same optically active dipolar resonances, which dominate the optical response of plasmonic structures, can be excited and studied by the electron beam in EELS.
Moreover, it has been demonstrated that the movement of small nanoparticles can be manipulated by the electron probe, enabling Å ngstrom scale movements in single or multiple nanoparticles.
14 This effect was exploited to record EELS spectra of two approaching silver nanoparticles and observe the appearance and evolution of charge transfer plasmon modes. 10 Here, we have studied surface plasmons in silver dimers with decreasing gaps to monitor the transition in the plasmonic response of these structures from a classical to a quantum regime. In particular, we explore gradual changes in the plasmon spectrum for gaps of atomic dimensions, when tunneling between the silver spheres occurs and, for further decreasing gaps, where a conductive nanobridge is formed between them.
The silver nanoparticles studied were prepared by laser ablation. 532 nm laser pulses with pulse lengths of 10 ns, a repetition rate of 10 Hz, and pulse energies of $0.15 Ws were focused in a spot of $0.5 mm onto a silver foil in deionized water. The resulting silver nanospheres were deposited on a 5 nm thick SiN membrane for EELS experiments. The EELS spectra were acquired in scanning TEM (STEM) mode and with the instrument operated at 120 kV. The spatial and energy resolutions were approximately 3-4 Å and 0.15 eV, respectively. High angle annular darkfield (HAADF) STEM images of the dimers were recorded before and after each EELS acquisition, in order to measure the position of the particles and their gap size. In HAADF STEM, the image is considered to be a convolution of the electron probe profile and the object. 15 Given that here gap sizes comparable to the size of the electron probe are measured, it becomes necessary to deconvolute the contribution of the probe from the images, in order to measure distances below 1.0 nm more accurately. This was done by assuming a Gaussian profile with a full width half maximum of 4 Å for the electron probe to perform the deconvolution. We estimate a 62 Å error in the measurements.
The ablation process delivers isolated silver nanoparticles and small aggregates. HAADF STEM images of an isolated silver sphere and two spheres forming a dimer are shown in Figure 1(a) . The corresponding EELS spectra of the structures demonstrate how the dipolar surface plasmon resonance in a single particle around 3.22 eV is hybridized into the antibonding dipolar plasmon (ADP) mode (also known as dark mode) around 3.30 eV and the bonding dipolar plasmon (BDP) mode (also known as bright mode) around 2.75 eV in a dimer, as the result of interparticle coupling. 16 EELS intensity maps of the corresponding plasmon resonances for an isolated sphere and a dimer are shown in Figure 1 (b). The maps confirm the mode assignments: as expected, the dark mode is excited much more strongly than the bright mode, when the electron beam is placed in the gap between the particles. 13, 17 Coupling between the particles is expected to increase as the distance between the particles is reduced, producing a redshift in the BDP resonance. 18, 19 Our EELS measurements from different silver dimers with gap sizes varying between 7.0 and 1.0 nm are displayed in Figure 2 . The measurements show a continuous redshift of the BDP mode as the interparticle gap is decreased. The redshift of the BDP mode with decreasing distance between nanospheres has been explained by classical electromagnetic models using the local response function. 18 This effect is exploited, for example, in the context of plasmonic rulers. [20] [21] [22] [23] Additionally, non-local effects have to be incorporated in order to describe the plasmonic response of these structures more accurately. 24, 25 In general, to understand the plasmonic response of structures with atomic size interparticle gaps, quantum effects have to be incorporated. 26 Such narrow-gap structures are on the other hand of considerable interest for enhanced optical and spectroscopic effects.
A closer examination of the evolution of the surface plasmon modes of two silver spheres beyond their classical local response was performed by using the electron probe to induce an attractive motion between two closely spaced silver spheres. Spectra A-C in Figure 3 correspond to the EELS spectra from the silver spheres when the gap is reduced from 1.0 nm down to À0.6 nm. A negative gap denotes overlap between the particles. Spectrum A with d ¼ 1.0 nm in Figure 3 exhibits the BDP and ADP modes, typical of a classical behavior, and resembling the spectra of other silver dimers in Figure 2 . As the gap between the silver particles is reduced to 0.3 nm in spectrum B, the BDP and ADP modes are still present and the BDP appears to have redshifted from 2.68 eV to 2.40 eV compared to spectrum A. This is signature of a classical behavior. Furthermore, an additional peak is observed in spectrum B around 2.9 eV with d ¼ 0.3 nm, a dimension where tunneling is expected to start to play a role. The appearance of this mode is in agreement with theoretical calculations in the framework of a quantum corrected classical model. 5 The onset of this plasmon mode before the particles are in contact strongly suggests that this mode is related to the onset of the tunnel current. As the particles continue to approach, they make contact and a bridge develops between them. In spectrum C with d ¼ À0.6 nm, an additional mode is present at 1.21 eV. The appearance of this mode after contact between the particles is in agreement with both reported theoretical and experimental results 5, 10 and is described to be a CTP mode related to an oscillating current between the two spheres. The tunneling CTP at around 2.9 eV can also be seen in spectrum C. However, it appears that the BDP mode is no longer present at this stage. Theoretically, a higher energy CTP has also been described for such a dimer system. 5 Since the classical dipolar modes break down after the particles come in contact, it is likely that the mode around 3.5 eV is the third CTP mode predicted in theoretical studies. We now consider in more detail the plasmonic response of a dimer as the gap narrows down to atomic dimension and beyond, when a nanobridge begins to evolve between the particles. The spectra in Figure 4 (a) are collected from a dimer with d ¼ 0.2 nm down to d ¼ À0.9 nm. Different plasmon modes appearing in the spectra are labeled with numbers (i)-(iv) and the energy and intensity of each feature for different gap distances are summarized in Figure 4 (b). The energy and intensity values were inferred from least square fitting of the spectrum with each feature estimated as a Gaussian function. Peaks (i), (ii), and (iii) in spectrum A of Figure 4 (a) correspond to the ADP, CTP related to the onset of tunneling and BDP modes, respectively. Consistent with our observation in Figure 3 spectrum B, the bright and dark dipolar modes continue to exist even after the onset of a CTP mode related to tunneling. As the particles come in contact in spectrum B, the BDP disappears. In contrast, peak (i), previously attributed to the ADP mode, appears to continue to exist also in the contact regime. As explained previously, this mode can be a higher energy CTP mode appearing at a similar energy to the ADP mode. Two additional CTP modes, (ii) and (iv), can be distinctly seen in spectrum B, where mode (ii) is related to tunneling and (iv) related to current flow through the nanobridge formed between the particles. The latter CTP mode has also been experimentally observed for two gold nanoprisms connected by a gold bridge. 6 As it has been discussed in the literature, the transition from a non-contact tunneling regime to a full contact regime is not sharp, but gradual. 5 The graphs in Figure 4 (b) illustrate this evolution by plotting the energy and intensity of modes (i)-(iv) as a function of the interparticle gap in spectra A-D. As a wider bridge develops between the particles in spectra B-D, CTP mode (iv) blueshifts from 1.21 to 1.46 eV and its intensity increases. This is due to the increase of current flow between the particles. In contrast, the intensity of the tunneling related mode (ii) decreases with increasing contact area and current flow between the particles. Further decreasing the gap in the dimer leads to a complete merging of the nanospheres and results in return to a single "classical" elongated nanoparticle. Such a structure displays dipolar and higher order plasmon modes, as shown in Figure 5 .
In conclusion, by employing EELS, we have studied the plasmon modes in dimers formed of silver spheres ca. 20 nm in diameter and with narrow gaps. By exploiting such structures with decreasing gaps down to atomic dimension, we can generate a controlled transition from a classical to a quantum plasmonic system and back to a classical system. We identified a quantum regime of plasmonic resonances, when tunneling occurs at atomic dimension gaps and in which charge transfer plasmon modes and bonding dipolar plasmon modes are seen to be simultaneously supported by the same structure. Further decreasing the gap in the dimer, i.e., merging the nanospheres, results in returning to single "classical" elongated nanoparticle. The preservation of classical dipolar modes in the quantum regime when tunneling occurs can have important implications for local fields of "large" plasmonic nanostructures in subnanometer gaps. It might imply that the local fields do not collapse in such small gaps. On the other hand, a non-local behavior of the classical mode when the gap narrows down to atomic scale might result in a decrease of local optical field intensity by about one order of magnitude compared with the prediction based on local dielectric response. 24 The A. P. Møller and Chastine Mc-Kinney Møller Foundation are gratefully acknowledged for their contribution towards the establishment of the Centre for Electron Nanoscopy in the Technical University of Denmark. FIG. 5 . STEM image and EELS spectrum of two merged spheres, behaving as a classical elongated nanoparticle. The EELS spectrum displays only the dipole mode and a higher order mode of the plasmonic structure.
